when an enzyme triggers the first reaction of a chain, the other reactions are triggered in sequence. Such reaction cascades can be difficult to recreate outside living systems. Even when the same catalysts are used as those that evolved in nature, it is frequently not possible to achieve the naturally occurring reaction rates when cascades are carried out in a test tube. Writing in Angewandte Chemie, Megarity et al. 1 report a solution to this problem that mimics a naturally occurring strategy for promoting efficiency: the co-localization of cooperating catalysts.
The use of enzymes to catalyse reactions offers an alternative to using conventional catalysts, and can greatly improve the sustainability, safety and cost of chemical processes 2 
.
The advantages are amplified when multiple chemical reactions can be conducted sequentially in a single reaction vessel, analogous to the way in which reaction cascades occur in a cell. These advantages drive scientists to design improved platforms for enzymatic reactions, despite the difficulty of reconstituting multienzyme cascade processes outside cells 3 . Biological reactions often require electrons to be shuttled to the catalyst, using several protein and small-molecule carriers that are co-localized in cells. Several strategies can facilitate this electron shuttling in cells, including the engineering of high-affinity interactions between partners in the shuttling pathway 4 . Such interactions can be realized at protein-protein interfaces 5 , by the binding of small molecules in enzyme active sites 6 and by compartmentalizing reactants within individual organelles 7 . Combinations of these three approaches are used in cells to form nanoscale reactors, which accelerate reactions compared with the analogous processes occurring freely in solution 8 . Megarity et al. envisaged mimicking this natural process by trapping enzymes in synthetic nanoreactors on the surface of a plentiful source of electrons, thus facilitating the electron transport required to power bio catalytic reactions. Researchers from the same group as the current authors had previously reported 9 that an enzyme called ferredoxin-NADP + reductase (FNR) binds tightly to the pores of electrodes made of indium tin oxide (ITO). In natural systems, FNR accepts two electrons from a protein partner called ferredoxin. The interaction between an electrode and FNR mimics the electrostatics of the ferre doxin-FNR protein-protein inter action. More specifically, the negatively charged surface of the electrode mimics the negatively charged patch of ferredoxin that forms an interface with a positively charged surface of FNR (Fig. 1a) .
FNR uses the electrons it receives from ferredoxin to chemically reduce a small molecule known as NADP + -a cofactor that acts as an electron shuttle. 
BIOCATALYSIS

Enzymes trapped and zapped
Many enzymes cooperate with other proteins and small molecules to function. A strategy that mimics the confinement of such cooperative partners in cells might allow these enzymes to be used in applications outside biological systems. (Fig. 1a) . ITO electrodes provide a high localized concentration of electrons, and Megarity et al. anticipated that they could augment the natural FNR system by replacing ferredoxin with a nanoporous ITO surface that would co-entrap FNR with a partner enzyme that performs the final step in a cascade (Fig. 1b) .
To demonstrate this concept, the authors first established that FNR and a second enzyme (alcohol dehydrogenase; ADH) can be co-entrapped in the disordered pores of ITO electrodes. When both FNR and ADH were adsorbed onto the electrode and placed in a solution containing NADP + and a substrate for ADH, the authors observed the formation of a reaction product. They also observed an electric current, the size of which depended on the amount of FNR present, indicating that FNR-mediated electron shuttling was occurring.
Megarity et al. found that the enzymeloaded electrode could be reused by rinsing it thoroughly with water and then plunging it into a fresh solution of the reaction substrate. This not only demonstrated the robustness of their set-up, but also showed that both FNR and ADH become tightly bound within the electrode pores. By contrast, the authors found that NADP + is mostly not retained in the pores, and must be added to the reaction solution to restore a high reaction rate.
The authors' system simplifies electron transport and accelerates the rate of cofactor regeneration for cascades initiated by the transfer of electrons to FNR. The researchers estimate that this nanoconfinement strategy leads to a local concentration of 1.6 millimolar -about 1,000 times higher than solution concentrations -for each catalytic component in a pore, which reduces the distance required for the cofactor to travel between FNR and ADH compared with the distance required if the reaction is performed purely in solution. As a result, the overall rate of product formation is increased. Megarity and colleagues calculate that each 'minimal catalytic unit' in the reaction -the smallest number of enzyme molecules and cofactors needed for a reaction to occur; in this case, one FNR, one ADH and one NADPH -can produce about 125 molecules of product each second, which is a feat for a cascade involving a series of electron transfers.
Encouragingly, the authors show that three other NADPH-dependent enzymes can be used in place of ADH in their system to catalyse a variety of reduction reactions. This indicates that the nano confinement approach could have broad utility for NADPH-dependent biocatalytic transformations -although the observed reaction kinetics for each enzyme were different. Further work is required to define the full scope of NADPH-dependent enzymes and classes of enzyme powered by non-NADPH cofactors that are compatible with this strategy.
For example, testing reductase enzymes other than FNR in the authors' system will reveal whether porous electrodes can generally act as a source of electrons for proteins in electron-shuttling pathways, and whether this strategy can be used to recycle cofactors other than NADPH. Many classes of enzyme rely on electron transport, and a general strategy that would allow them to be used effectively in reactions outside biological systems could dramatically improve the scalability of such reactions. It could also facilitate the study of enzymes for which the electron-supplying partners are unknown.
Megarity and colleagues' work explores the nanoconfinement of two enzymes. One could also imagine packing additional enzymes into electrode pores to increase the efficiency of more-complex multi-enzyme cascades. The use of a synthetic compartmentalization system could thus find application in the enzymatic production of both the simple 'commodity' chemicals produced at large scales for the 
